Abstract-Equal gain combining (EGC) diversity has performance close to that of maximal ratio combining but at lower implementation complexity. We present a new outage performance analysis for EGC in mobile cellular radio systems that are limited by cochannel interference and undergo Rayleigh fading. We utilize a new model where interfering signals add in amplitude and phase across antenna array elements. In addition, the interfering signals may each have a different power. In comparing our analysis to an existing method, we find that: 1) as much as 1.5 dB difference in signal-to-interference ratio may exist at the same probability of outage and 2) the existing method can lead to overly optimistic outage performance prediction in certain situations.
I. INTRODUCTION
S PACE DIVERSITY can improve mobile radio system performance by weighting and combining the received signals from all antenna branches to combat fading and cochannel interference (CCI) [1] . Space diversity schemes include maximal ratio combining (MRC), equal gain combining (EGC), and selection diversity [2] . The EGC scheme has a performance close to that of MRC but with simpler implementation. We study the impact of CCI on EGC, since CCI is a major factor which limits frequency reuse in cellular systems. In particular, we focus on the outage probability, i.e., the probability of unsatisfactory reception in the intended coverage area.
In previous related work, Abu-Dayya and Beaulieu studied the outage probability for EGC with CCI in Nakagami-fading [3] , where the interfering signal components are added incoherently across antenna array elements. The analysis in [3] was restricted to the case of equal interferer powers. In real systems, however, the interferer powers may be distinct. More recently, Shah and Haimovich derived the signal-to-interference ratio (SIR) of EGC in CCI [4] , where only the ratio of mean signal power to mean interference power was considered, and where the interferer powers were equally distributed.
In the following, we present an exact outage probability analysis of EGC in Rayleigh fading with CCI. A more accurate model for interference power calculation is presented in Section II in the sense that the coherence (amplitude and phase) of interferers is taken into account in the output power from the EGC-combined diversity branches. The model also takes in account pulse shape, random delays between interfering signals, intersymbol interference, as well as both equal and distinct interferer powers. In Section IV, we analytically compare the new outage analysis to that of [3] for the case of one interferer. In Section V, we present numerical outage calculations for varying numbers of antennas and interferers for both equal and unequal power distributions.
II. SYSTEM MODEL
We assume that CCI is the limiting source of performance degradation [1] ; therefore, for simplicity, we ignore the thermal noise in our system model and consider only an interferencelimited environment. The transmitted signals from the desired and the th interfering user are, respectively, and where is transmitter pulse response, is the data transmission rate, and and are the transmitting powers of the desired and the th interfering signals, respectively. The transmitter filter is assumed to have a square-root raised cosine frequency response with a rolloff factor [5] . The data symbols and are mutually independent with zero-mean and unit variance.
The baseband received signal vector at an -element receiver antenna array is where is the number of interfering signals, the random delay is assumed to be uniformly distributed over the interval [0, ), and and are the channel vectors for the desired and the th interfering user, respectively. All channel vectors are assumed to be quasistatic (constant over a time frame [4] ) and to have uncorrelated realizations in different frames. We further assume independent Rayleigh fading among diversity branches, i.e., the elements of and are independent identically distributed (i.i.d.) complex Gaussian random variables (RVs) with zero-mean and unit variance. Therefore, the channel covariance matrix becomes , where the superscript denotes the Hermitian operation and denotes an identity matrix. Finally, we assume that and s are mutually independent.
Assuming perfect synchronization for the desired user, sampling the output of the receiver matched filter at , we obtain where and where is a Nyquist pulse. It can be shown [6] that , , and for , where denotes the conjugate operation. We express, component-wise, the desired and the interfering channel vectors as and , where the superscript denotes the transpose operation. The phase for the desired user channel and the phase for the interfering user channel are uniformly distributed over [0, ). The fading amplitudes and are Rayleigh-distributed as
III. OUTAGE PROBABILITY OF EGC WITH CCI
In EGC, the outputs of all the branches are cophased (with respect to the desired user signal) and weighted equally. The combining weight vector of an equal gain combiner is , and the output of the combiner becomes
It can be shown that is uniformly distributed over [0, ) and is independent of . Since is Rayleighdistributed, is complex Gaussian with zero-mean and unit variance.
Since and are uncorrelated for , the total interference power at the combiner output is obtained by adding interference powers from different interferers. For each interferer, interference from different antennas can combine either incoherently [see [3] , (8b)] or coherently. In the incoherent case, to compute the th interferer's power, the channel amplitude of each diversity branch is first squared, and all branches are then summed, i.e.,
. If the interfering signals arriving at different antennas are mutually uncorrelated, the incoherent calculation is exact. However, these interfering signals are, in general, correlated, thus, the incoherent calculation is only an approximation. In the coherent interference power calculation, phasor addition of each interfering signal is employed, i.e., are added first, and then squared, i.e., in (1) . Coherent interference diversity combining is an improved model of EGC over incoherent interference combining, since coherent combining is performed at the receiver, and, therefore, interfering signals add as complex-valued quantities. Numerical results in Section V demonstrate cases where the two interference power calculation methods lead to significantly different outage probabilities.
The instantaneous SIR at the output of the equal gain combiner, assuming coherent interference power calculation over the diversity branches, is (2) where , for , is the power ratio of the desired signal to the th interfering signal, and we have also denoted Here, are i.i.d. complex Gaussian RVs with zero-mean and unit variance, thus, is a complex Gaussian RV with mean zero and variance . It can be shown that is exponentially distributed with mean [5] . We further note that the denominator and the numerator in (2) are independent. This is due to the independence assumption between the channel vectors for the desired and the interfering users. This independence property simplifies the ensuing outage probability analyzes.
Letting and in (2), the output SIR of EGC can be rewritten as . The outage probability, which is defined as the probability that the instantaneous SIR is less than a certain outage threshold , is expressed as (3) where and the last equality comes from the fact that and are independent.
Computation of the outage probability in (3) requires the knowledge of the cumulative distribution function (cdf) of . We recall that is a sum of i.i.d. Rayleigh RVs and no known closed-form expression exists except for . In [7] , Beaulieu derived an infinite series for the cdf of a sum of independent RVs, and in [8] , an alternative derivation was given which provided insights into the uses and limitations of the Beaulieu series. We write the conditional outage probability in (3) as [8] where
, is a parameter that controls the accuracy [7] , is the characteristic function of , denotes the imaginary part of , and is an error term which tends to zero for large . Assuming is large, we omit the error term in the following analysis. It can be shown that the characteristic function of is [5, eq. (2-1-133)] 1 (4) where is the degenerate hypergeometric function. The outage probability in (3) now can be expressed as By using [9, eq. 3.952 (7), (8)], the case of equal interferer powers can be shown in (7a), at the bottom of the page, and, in the case of distinct interferer powers (7b) where is the parabolic cylinder function [9] . Substitution of (4) and (7) into (5) yields the outage probability of EGC for both equal and distinct interferer powers.
The exact outage probability can be derived for . The cdf of a sum of two i.i.d Rayleigh RVs is known [10] , and the conditional outage probability for is (8) Averaging (8) with respect to (6a) or (6b) gives the outage probability. In the case of equal interferer powers, using [9, eq. 3.478(1), 6.286 (1)] where is the hypergeometric function [9] , and in the case of distinct interferer powers, using [9, eq. 3.478 (1) calculation, the SIR at the EGC output becomes (9) where we have denoted by and by in (9) . It can be shown straightforwardly that has a chi-square distribution with degrees of freedom.
With a coherent interference power calculation, (2) becomes (10) where is exponentially distributed with mean . We note that the numerators in (9) and (10) are identical. For a given outage threshold , the outage probabilities for incoherent and coherent interference power calculation are, respectively, given by and . For practical applications, the low outage probability region is of interest, i.e., small values of , and it is sufficient to compare the tail probabilities of and . Fig. 1 plots the pdfs of (incoherent calculation method) and (coherent method) for four antennas and one interferer. By comparing tails, it is clear that in the low outage probability region, the coherent interference power calculation yields the higher outage probability. Our results in Section V also agree with this analysis. 
V. NUMERICAL RESULTS
For the coherent interference combining model, the outage probabilities in (5) are used with in a range of 40-80. It was found that typically 64 or 128 terms in the series of (5) enable an accuracy of to be achieved. For the incoherent interference power calculation, the outage probabilities are obtained from [3, eq. (16) ] by specializing the Nakagami-fading to Rayleigh fading. 2 Unless otherwise stated, a coherent interference power calculation is assumed and the rolloff factor is chosen as . All outage probabilities are plotted on normal probability paper by the method in [11, Appendix 2B] .
Figs. 2 and 3 compare outage probabilities using the incoherent and coherent interference power calculations. Fig. 2 plots the outage probabilities for interferer and for and antennas under equal interferer powers. As shown, for the trivial case of , as expected, both calculation methods give the same outage probability. When antennas and for low outage probabilities, the coherent interference power calculation method predicts higher outage probability. In other words, an outage analysis using incoherent interference power combining over the diversity branches can underestimate the outage probability. For example, for , at a 0.01 outage probability level, the incoherent interference power calculation overestimates the output SIR by about 1.5 dB. Similar observations can be made in Fig. 3 for a fixed number of antennas (
) and different numbers of interferers, where we note that the outage performance difference increases between these two interference power calculation methods as the number of interferers decreases. interferers with a highly unbalanced interference power vector , and for interferers with a more evenly distributed . It is obvious that the outage probability difference between equal and distinct interferer powers becomes large for a highly unbalanced interference power distribution. In Fig. 5 , it is shown that outage probability discrepancies between equal and distinct interferer power distribution become larger as the number of antennas increases. Both Figs. 4 and 5 suggest that the case of equal interferer powers tends to give lower outage probabilities than the case of distinct interferer powers. In Fig. 6 , we compare a Monte Carlo simulation of the outage probability using (2) with the analytical outage probability using the new coherent interference power calculation method for the cases of both equal and distinct interferer powers. As shown, the analysis and simulation results agree closely.
VI. CONCLUSION
In this letter, we have computed the exact outage probability for EGC with multiple cochannel interferers in an interference-limited environment over flat Rayleigh fading. The new analysis method assumes that the interferers add in amplitude and phase, rather than incoherently. Numerical results show that the previous incoherent interference power combination model may lead to optimistic outage probability estimates.
